The adsorption of CO2 at low temperature ( ~ -70~ on thin films of homoionic smectites was studied by X-ray diffraction and by i.r. absorption. An increase in the d001 spacings of these clay films upon adsorption of CO/ was observed. In addition, a dichroic effect was readily discernible by comparing the i.r. spectra at two different orientations of the smectite films; i.e. with the film normal and tilted 35 ~ with respect to the i.r. beam. The CO2 stretching vibration at 2350 cm-1 was used for the i.r. study. These observations conclusively show that CO2 intercalates the smectite structure rather than being adsorbed only in pores between clay tactoids--the limiting process proposed by other investigators.
INTRODUCTION
From gas adsorption studies on homoionic smectites, Thomas and Bohor (1968) recently concluded that CO2 and, to a lesser extent, nitrogen penetrate the interlamellar space. They reported that the extent of penetration is governed primarily by the size and charge of the replaceable interlayer cation. Complete penetration of C~smectite by CO2 (at -78~ was indicated. Their results were criticized by Aylmore, Sills and Quirk (1970) who believed that these gases are adsorbed in the pores between clay tactoids--their 'quasicrystalline domains'. These authors also found it difficult to accept that CO2 can penetrate the interlamellar space, while nitrogen, a smaller molecule, is unable to do so to the same extent. Thomas et al. (1970) replied that the Arrhenius factor in the diffusion coefficient favors the penetration of COg at -78~ over nitrogen at -196~ into pores of molecular dimensions. Moreover, since COg is more polarizable than nitrogen, the van der Waals contribution to the adsorption energy should be higher for CO2.
To help confirm whether or not adsorbed CO2 is actually located between the clay lamellae, the i.r. spectra and the X-ray diffraction characteristics of clay films exposed to gaseous CO2 at about -70~ were studied. The doo 1 spacing of the clay would be expected to increase upon CO 2 adsorption. Additionally, the CO2 stretching vibration at 2350 cm -~, observed both for the clay film at normal incidence with respect to the i.r. beam, and tilted at some acute angle to the beam, should possibly show a dichroic effect if the adsorption sites are inside the interlamellar space and if the adsorbed species are oriented in such a way that the transition moment is tilted with respect to the a-b plane. It would be difficult to maintain that adsorption in micropores between tactoids would result in an ordered arrangement of the adsorbed species. Moreover, since it was shown by Thomas and Bohor (1968) that Ca-and Li-smectites adsorb CO2 to a lesser extent than do K-and Cs-smectites, the dichroic effect, if any, should be more pronounced for the latter pair.
EXPERIMENTAL
Thin films of the < 2/~m fraction of Li-, K-and Cssmeotite were produced in the usual way and mounted for study in the low temperature i.r. cell described by Fripiat and Helsen (1966) . The films were outgassed at room temperature for several hours under a residual pressure of 10 -6 torr. Pure CO2, obtained from dry ice, was introduced into the cell at pressures between 23 84 20 and 120 torr. The clay was that used by Thomas and Bohor (1968) .
The i.r. spectra were recorded with the film either at room temperature or cooled to -78~ by a mixture of dry ice and ethanol. Spectra were obtained with the film at normal incidence and tilted 35 ~ to the i.r. beam. It must be emphasized that the actual film temperature is not known accurately because of the absorption of radiant energy.
In the 2350cm -t region where the va stretching band of CO2 is recorded, the contribution of atmospheric CO2 appreciably decreases the energy received by the detector of the double-beam instrument, thereby greatly reducing the instrument sensitivity. At room temperature, however, where the amount of CO2 adsorbed by the clay is negligible, it was observed that the Beer-Lambert law applies satisfactorily.
The same oriented films also were mounted for study in a modified version of a high temperature Xray goniometer (Van Niekerk, 1960) , which permitted the samples to be cooled to approx. -70~ At this temperature, the amount of adsorbed CO2 should be large enough to produce some change in the basal spacing if the adsorption process causes swelling of the clay.
The procedure in obtaining the diffraction data was as follows: The sample was outgassed under a residual pressure of 10-2 torr for 1 hr and the camera was then filled with CO2 to a pressure of 700 torr. The temperature was then progressively decreased by flowing cooled oxygen through the sample holder. X-ray diffractograms (Cu Kc~ radiation) were obtained not only immediately after outgassing, but also at different temperatures during the cooling and rewarming cycles. Since the beryllium windows of the camera appreciably decreased the intensity of the diffracted beam, a high gain of the detector amplifier was required. This, unfortunately, decreases the signal to noise ratio. Na-, Cs-and Ca-saturated smectites were used for the X-ray experiments.
RESULTS AND DISCUSSION
The most significant changes in the d0ol spacings were observed for the Na-smectite as shown in Fig,  la . In the dehydrated sample, the 001, 002 and 003 reflections were observed at 10-0, 4-81 and 3.23 A, respectively, indicating a complete collapse of the interlamellar spacing. As the sample i s cooled in the CO2 atmosphere, these reflections decrease in intensity, with the 002 reflection disappearing almost completely at the lowest temperature. Simultaneously, a broad reflection appears at approximately 12-3A. As the sample is warmed in the presence of CO2, the initial reflections are restored. For comparison, Fig. l(a) also shows the diffractogram of the air-dried Na-smectite before out, gassing. Obviously, the broad band at 12.3/~ is due to the CO2 adsorption. It cannot be assigned to the. adsorption of water impurity in the gas since this spacing is not maintained after the sample is rewarmed to: 20~ If adsorbed water were responsible for this spacing, there is no reason why it would be removed during the rewarming cycle. In absence of CO2, the X-ray diffraction pattern of the Na sample outgassed in vacuum was not altered by lowering the temperature. The results are much less obvious for the Ca-smectite (Fig. lb) . In the sample outgassed for 2 hr at room temperature, the long spacing is observed at 13.2 A and a second reflection at 6.3/~. At the lowest tempe[ature, the first reflection increases in intensity and shifts to 14"2~.. Accordingly, the second reflection is observed at 6.6 A. Again, as with the Na smectite, the diffraction pattern obtained after the sample has been rewarmed at room temperature is nearly identical to that of the initially outgassed sample. The shifts in the spacings to higher values, though not as great as with N~ smectite, nevertheless suggest that some CO2 also is adsorbed within the interlamellar space of the Casmectite. For Cs-smectite, the first reflection observed after outgassing is at 11-8 A, in agreement with Mamy (1968) who observed this spacing after sample dehydration at 130~ This spacing does not change noticeably in the course of carbon dioxide adsorption. In this case, the large Cs + cation insures a sufficiently large spacing for intercalation of CO: and, therefore, its value does not change perceptibly upon adsorption. Slight swelling no doubt occurs but the detection of a few tenths of an h unit change in d-spacing is difficult with broad, lowangle diffraction peaks.
At room temperature, the i.r. transmission at 2350 cm-1 was almost unaffected by the orientation of the clay film with respect to the i.r. beam. This result was expected because of the negligible CO2 adsorption at this temperature. At low temperature, however, as shown in Fig. 2 , a pronounced dichroic effect was observed for the C~ and K-smectites, while for Lismectite the absorbance at 2350 cm-1 was only very slightly orientation-dependent. effect of the orientation on the i.r. absorbance at the maximum of the 2350 cm-1 band. The strongest dichroic effect is observed for the Cssmectite and the weakest for the Li-smectite; that for K-smectite is intermediate. According to the intensity of the water deformation band at 1630 cm-1, the Lismectite is still appreciably hydral/ed after the outgassing procedure used in this work, while the K-and Cssmectites contain much less hydration water. This hydration is also clearly noticeable in the OHstretching region of the spectrum. To what extent residual water allows CO2 to penetrate the interlamellar space is not known, but obviously the suggestion that strong hydration could prevent adsorption of CO2 between layers seems reasonable. Carbon dioxide is a linear molecule in which the transition moment associated with the v 3 asymmetric stretching is parallel to the molecular axis. If the molecule is oriented between the layers in such a way that the transition moment is tilted to the a-b plane, the absorbance of the 2350cm -1 band should decrease when the film is rotated in such a way that the e-axis is no longer parallel to the beam. Since the refractive index of the clay film loaded with COz is not known, it is impossible to be more explicit about the real orientation, but it is certain that a significant fraction of the absorbed species is ordered with respect to the clay lattice.
Again, such an effect should not be conceivable for CO2 adsorbed in the micropores between tactoids, which should be randomly distributed. If, according to the X-ray and i.r. results, an important fraction of the adsorbed CO2 is really between the layers, the application of the Dubinin equation to the COz adsorption isotherms should yield a pore volume close to that which may be calculated theoretically. The Dubinin equation !s as follows:
where k is a function of the temperature and of the adsorbent heterogeneity, Po and P the vapor pressure and the equilibrium pressure respectively, V~ the adsorbed volume and V~ the pore volume.
Assuming an internal specific surface area of 800 m e g 1 and a van der Waals radius for CO2 (normal to the long axis) of approximately 3 A, the interlamellar pore volume should be 0.12 cm 3 g-1. Figure 3 shows clearly that for the K-, NH4-, Rb-and Cs-smectites the plots of the experimental adsorption data obtained previously by Thomas and Bohor (1968) converge towards this value, assuming for CO2 a density of 0.78 g/cm 3.. For Li-, Ba-and C~smectites, Vt is much smaller. Na-smectite occupies an intermediate position.
These results are in agreement with the X-ray and i.r. data which suggest that in the smectites saturated by the larger monovalent cations, CO2 has access to the interlamellar space, while for the partially hydrated Lia~ad divalent cation-substituted smectites this access is more restricted.
In the study by Thomas and Bohor (1968) , nitrogen penetration of smectite also was indicated, although to a much lesser extent than penetration by CO2. Although such limited penetration by nitrogen was likely, proof of its occurrence had not yet been unequi-* This value corresponds to the surface packing of 22.1 •2 molecule-1 used by Thomas and Bohor (1968) and by Aylmore et al. (1970) . vocal for obvious reasons. In this regard, however, attention is drawn to a recent study by Knudson (1972) , who reported that complete penetration by nitrogen was indicated with a smectite in which the interlayer cation had been substituted with the large organic molecule tris (ethylenediamine)-cobalt(III). This molecule gave a plate separation distance of 4.8 A, which was apparently enough to allow complete interlamellar penetration by nitrogen molecules. Because only partial penetration with nitrogen was achieved when cesium was the exchange cation (2'6A separation), it seems that ~4-5 A separation is necessary to overcome the energy and steric effects of the nitrogen molecule and allow it to penetrate completely the smectite interlayer region. Knudson (1972) maintained that the increase in surface area with increasing size of exchangeable cation, as measured by Thomas and Bohor (1968) with both CO2 and N2, was merely a function of the lower degree of ordering imparted to the clay platelets stacked in aggregate structures. It should be instructive to examine cation-substituted smectites directly in the scanning electron microscope (SEM) to see if this alleged stacking disorder actually occurs. Figure 4 shows low and high magnification pairs of photomicrographs of smectites saturated with Li + (4a, b) and Cs + (4c,d). At low power, there are obvious differences in the gross aspects of the smectite macro-aggregates formed with these different-sized cations, as has been observed by many workers in the past. However, at high magnification it is equally obvious that no differences are apparent in the surface microstructure of the individual aggregates (the SEM cannot resolve dimensions on the order of individual clay layers, so that we are still not Fig. 4(a) . Low magnification SEM photograph of Li-saturated smectite. Smooth substrate is aluminum paint used as adhesive on sample stub. Clay particles are platy aggregates. seeing the ultimate structure in these micrographs). Regardless of cation size, the platelets exhibit the same face-to-face arrangements, and the same order of surface roughness. Thus, on the micro-scale where molecular adsorption really takes place, there seems to be no evidence for any appreciable surface area generated by mechanical stacking differences between small and large cation-substituted smectites.
CONCLUSIONS
Although some investigators hold the view that the low-temperature adsorption of CO/occurs only in the pores between clay tactoids, the evidence presented in this study clearly shows that CO2 at about -70~ penetrates (intercalates) the smectite structure to a degree dependent Upon the nature of the replaceable interlayer cation. This result substantiates conclusions reached in an earlier study (Thomas and Bohor, 1968) in which CO2 was used as the adsorbate for surface area measurements. The wide range of surface areas that are obtained for various homoionic smeCtites thus are due mainly to the degree of intercalation of the gas molecules rather than to aggregation differences of the clay particulate structure.
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Thomas and Bohor often discussed with Bill the concept of penetration of nonpolar gases into the interlamellar space of montmorillonites (now smectites) during his annual summer tenures at the Illinois Geological Survey. Initially, he favored the classical belief that only external adsorption occurs with nonpolar gases. However, when he fully examined our experimental data--particularly the data from CO2 adsorptio~he agreed that our concept was 'a reasonable explanation of the experimental data', as he would have said in his own inimitable fashion. ture X-ray diffractometry: J. Sci. Instr. 37, 172-175.
R~sumg--L'adsorption ~ basse temp6rature (~ -70~ du CO2 sur des films fins de smectites homoioniques a 6t6 6tudi6e par diffraction X~et par absorption infrarouge. On a observ6 une augmentation des espacements d001 de ces films d'argile iors de l'adsorption du CO2. De plus, un effet dichroYque est facilement discernable en comparant les spectres infrarouges pour deux orientations diff6rentes des films de smectite, & savoir l'incidence normale et une incidence oblique pour laquelle le plan du film fait un angle de 35 ~ avec le faisceau infrarouge. La vibration d'61ongation du CO2 ~t 2350 cm-1 a 6t6 utilis6e lors de l'6tude infrarouge. Ces observations montrent d'une fagon concluante que le CO2 s'intercale dans la structure de la smectite au lieu de s'adsorber seulement dans les pores existant entre les tactoides d'argile--ce que d'autres auteurs ont consid6r6 comme un ph6nom6ne limitant.
Les cliches obtenus au microscope 61ectronique ~t balayage pour les smectites Li-et Cs-fournissent une face sont r6examin6es en appliquant l'equation de Dubinin. Ici ~ nouveau, on d~montre l'intercalation en observant la convergence des donn6es exp6rimentales recueillies pour les smectites contenant entre les feuillets de gros cations monovalents, avec la valeur d'un volume poreux qui est voisine de la valeur th6o-rique calcul6e pour l'intercalation d'une monocouche de CO2.
Les clich6s obtenus au microscope 61ectronique ~t balayage pour les smectites Li-et Cs-fournissent une preuve suppl6mentaire que les diff6rences d'agr6gation ne sont pas la cause des grandes diff6rences observ6es lots de la mesure de la surface BET de ces argiles avec le CO2 comme adsorbatl Aux faibles grossissements des diff6rences visuelles dans les macro agr6gats sont apparentes, mais aux forts grossissemerits aucune diff6rence significative ne peut &re observee dans la microstructure des agr6gats individuels off la majeure partie de l'adsorption du gaz se passe r6ellement.
Kurzreferat--Die Adsorption yon Kohlendioxid wurde bei geringen Temperaturen ( ~ -70~ an dfinnen Filmen homoionischer Smectite durch R6ntgenbeugung und Infrarotyabsorption untersucht. Ein Anstieg der d0ol-Abst~inde dieser Tonfilme wurde als Folge der Adsorption von Kohlendioxid beobachtet.
